The dependence of the electroluminescence ͑EL͒ signal from excited-state interband transitions on the applied magnetic field has been investigated for two superlattice samples. Both samples show clear oscillatory behavior of the EL intensity as a function of the perpendicular magnetic field. In the sample with a subband splitting of the lowest conduction band states above the longitudinal-optical ͑LO͒ phonon energy in GaAs, the oscillations are due to the magnetophonon effect. However, in the sample with a subband splitting below the LO-phonon energy of GaAs, two series of oscillations exist, which are assigned to a different relaxation mechanism, the magnetoexciton resonance. The intersubband scattering process is enhanced at certain magnetic-field strengths due to the scattering of free carriers by excitons. ͓S0163-1829͑97͒50836-8͔
Resonant tunneling in semiconductor heterostructures has attracted much interest in recent years, since it is based on a purely quantum-mechanical effect. At the same time, devices based on resonant tunneling have been proposed, such as the resonant tunneling diode. Furthermore, these systems also have a potential for optical applications.
1,2 It has been recently demonstrated that resonant tunneling in a specially designed superlattice ͑SL͒ structure can be used as an optical emitter in the midinfrared region. 3 An important feature of all these devices is the different intersubband relaxation processes which can occur when carriers are electrically injected into a higher subband. In particular, the relaxation channels in the absence of longitudinal-optical ͑LO͒ phonon emission are not fully understood and remain to be further clarified.
In this paper, we present evidence for an additional channel of energy relaxation-the magnetoexciton resonance. It appears in the interband electroluminescence intensity of higher subbands, when free carriers and excitons are present at the same time. It becomes the dominating relaxation channel, when relaxation by optical phonon emission is not possible, i.e., for a subband spacing below the optical phonon energy. In samples with a larger subband spacing than the optical phonon energy, the well-known magnetophonon effect is observed.
We have investigated two GaAs/AlAs SL's with different energy spacing of the first two conduction subbands. In sample 1 ͑2͒ the width of the GaAs well was chosen to be 13.7 nm ͑22 nm͒ so that the subband spacing was above ͑below͒ the optical phonon energy ប LO in GaAs ͑36 meV͒. Both SL's were grown by molecular-beam epitaxy on n ϩ ͑001͒GaAs using 40 periods and an AlAs barrier width of 2.2 nm. The SL's were embedded in the intrinsic region of a p-i-n diode with p and n contact layers of Al 0.5 Ga 0.5 As in order to be transparent to the optical emission of the SL interband transitions. After growth the diodes were mesaetched using wet chemical etching and electrically contacted by evaporating Cr/Au contacts with a diameter of 70 m on top of the mesas, leaving a large fraction of the mesa surface uncovered, and AuGe/Ni contacts on the substrate side. The bonded structures were mounted in a continuous helium flow cryostat, which was inserted into the 50 mm bore of a resistive, Bitter-type magnet with a maximum field of 23 T. The sample temperature was adjusted to about 5 K. The magnetic field was applied perpendicular to the layer planes of the SL, i.e., parallel to the direction of the SL periodicity. The applied voltage was tuned to the first conduction subband resonance C2→C1 in the forward bias direction in order to electrically inject electrons and holes into the SL region. The electroluminescence ͑EL͒ signal from the SL was dispersed by a 0.64 m monochromator and recorded using an optical multichannel analyzer.
By applying an electric field to the SL, the selection rules for interband transitions are modified. Additional recombination channels, which are forbidden at Fϭ0, become allowed at finite electric fields. Detailed investigations of the EL emission as a function of applied voltage at zero magnetic field have already revealed the interband transitions, which become allowed and detectable. 4 The resonance voltages, which are determined by the subband spacing of confined states in adjacent wells, have also been measured. 4, 5 At these resonance voltages the transport of electrons or holes is enhanced. In order to investigate the intersubband relaxation properties of these systems, the applied voltage was adjusted to the resonance field F 21 ϭ(E C2 ϪE C1 )/(ed), where E C1 denotes the energy of the lth conduction subband and d the SL period. The band-structure profile of part of the SL is schematically shown in Fig. 1 for F 21 . The investigated interband transition C2H1 is indicated. The EL intensity of C2H1 was recorded as a function of the magnetic-field strength. The resonance voltage of C1→C2 did not depend on the applied magnetic field.
The intensity of the C2H1 interband transition is determined by the interplay between tunneling and relaxation. The first process supplies carriers into the confined states, whereas the second process empties the levels under investigation. By fixing the applied voltage to the C1→C2 resonance value, a fast transport of carriers into the higher conduction band states is ensured. Applying a magnetic field perpendicular to the layer plane of the quantum wells, Landau levels emerge from the quasibound states with a magnetic-field B-dependent energy of E i (B)ϭ(iϩ 1 2 )ប c , where c ϭeB/m*, with m* denoting the effective mass of the respective carrier in the host material and i an integer 0,1,2 . . . . Thus, the total energy of the different confined states of the SL is a sum of the confinement energy of the lth state without magnetic field E l and the Landau energy E i (B). With increasing magnetic field, higher Landau levels of the first subband cross the lowest Landau level of the second subband, resulting in resonances, which are periodic in 1/B. 6 The corresponding resonance condition reads as follows:
neglecting effects of nonparabolicity on the effective mass. These direct resonances have already been investigated and are well understood. 7, 8 However, additional resonances appear if the total energy of a lower confined state matches the sum of the lowest Landau-level energy of a higher subband plus the LO-phonon energy. This process is referred to as the magnetophonon effect and has been reviewed in Ref. 9 . The resonance condition for this resonance is given by
In sample 1 the subband spacing ⌬E C2C1 ϭ69.6 meV exceeds ប LO in GaAs so that carrier relaxation via LOphonon emission is always possible. This process is known to be very efficient. 10 The EL intensity of the C2H1 transition at the resonance voltage of 5.1 V in sample 1 is shown as a function of B in Fig. 2͑a͒ . Well-defined oscillations with an increasing amplitude are visible. In sample 2 the subband spacing ⌬E C2C1 ϭ31.2 meV is smaller than ប LO ϭ36 meV so that the intersubband relaxation process can be investigated in the absence of LO-phonon emission. The intensity of the C2H1 interband transition at the resonance voltage of 3.2 V is shown as a function of magnetic-field strength in Fig. 2͑b͒ . The EL spectra have been published previously in Ref. 11 . Again, a clear oscillatory behavior is observed. However, the EL transition was not detectable above 15 T. Furthermore, the oscillations in sample 2 do not appear to be periodic in 1/B.
In order to resolve the different behavior in the two samples, we plot the inverse magnetic-field values of the minima of the EL intensity as a function of the Landau index i. As shown in Fig. 3͑a͒ , the data points for sample 1 can be fitted with a straight line intersecting the origin. Applying Eq. ͑2͒ using the reduced effective exciton mass with a value of 0.0583m 0 in GaAs, the energy difference of the states involved in the relaxation process is determined to be ⌬E ϭ33.6 meV, which is much smaller than the intersubband spacing E C2 ϪE C1 in sample 1. Taking the difference between E C2 ϪE C1 and the experimentally determined value, we obtain 36.0 meV, which agrees very well with ប LO in GaAs. Thus, electrons injected into the lowest Landau level of the C2 state exhibit an enhancement in the relaxation process by LO-phonon emission, when the difference in Landau levels corresponds to the subband spacing reduced by the optical phonon energy. As a result, the occupation of C2 by electrons is decreased, and the recombination of electrons and holes as measured by the EL signal from the C2H1 transition is reduced. This effect has also been recently observed in a double-barrier resonant tunneling structure. 12 For sample 2, relaxation by optical phonon emission is not possible. As shown in Fig. 3͑b͒ , two series of oscillations exist in sample 2 in contrast to sample 1. The two branches can be fitted by straight lines intersecting the origin. The first series gives an energy splitting of 25.4 meV using the effective electron mass m e *ϭ0.067m 0 in GaAs, while the second series results in an energy spacing of 23.4 meV using the heavy-hole effective mass m h *ϭ0.45m 0 in GaAs. Both energy values agree within the experimental error. The subband spacing E C2 ϪE C1 in sample 2 has a value of 31.2 meV at the C1C2 resonance field strength. Taking again the difference between E C2 ϪE C1 and the experimentally determined value, an inelastic scattering process with an average energy of approximately 7 meV has to be taken into account. Since the energy separation of all involved subbands is below the LO-phonon energy of GaAs, no LO-phonon assisted scattering processes can occur in sample 2.
The main scattering mechanisms which can influence the intersubband relaxation in sample 2 are either acousticphonon or carrier-carrier scattering. However, the interaction of electrons with acoustic phonons is very small. 13 Only heavy holes couple effectively to acoustic phonons via the deformation potential. Thus, carrier-carrier scattering remains as the only explanation of the oscillatory structure in the EL emission of the excited-state transition in sample 2. However, the characteristic energy cannot be explained by scattering mechanisms between identical carriers such as electron-electron or hole-hole scattering. It must be combined with a bound state of well-defined energy. In large magnetic fields, bound electron-holes states, i.e., excitons, are formed. Therefore, excitons as well as free electrons and holes coexist in the SL region. The existence of excitonic recombination is shown by evaluating the emission energy as a function of magnetic-field strength. An overall quadratic shift is observed with a coefficient similar to the one that has been published to be typical for excitonic emission.
14 Thus, a scattering process between free carriers tunneling into the higher subband and excitons could provide the 10 meV energy loss for the relaxation process.
It is important to note that this resonance appears only in magneto-optical experiments, where the formation of excitons is possible. It has been observed before in transport experiments under photoexcitation, but without clearly identifying the underlying process. 15, 16 The value of about 7 meV seems to be reasonable for the excitation energy of an exciton subjected to an electric or magnetic field, as has been shown theoretically by Bauer and Ando. 17 They calculated the excitation energy from the 1s to the 2 p Ϫ state to be weakly magnetic-field dependent and of the order of 7 meV. However, a detailed theoretical description of the behavior of excitons in simultaneous electric and magnetic fields is not yet available. A somewhat similar mechanism was found some time ago in bulk semiconductors. In the so-called magnetoimpurity resonance ͑MIR͒, a free electron scatters off an electron bound to an impurity. The binding energy of the electron bound to the respective impurity is used in this scattering process. In our case, a free carrier scatters off an exciton. Therefore, we call this effect the magnetoexciton resonance ͑MER͒.
In summary, we have investigated the transport and relaxation processes in GaAs-AlAs superlattices for different subband spacings by means of magnetoelectroluminescence measurements of excited-state interband transitions. For a subband spacing above the optical phonon energy, carriers can effectively scatter using LO phonons. However, for subband spacings below the optical phonon energy, a new relaxation channel is observed. It has been identified as a carriercarrier scattering process, where free carriers and excitons are simultaneously present in the structure. In analogy to the well-known MIR, this new resonance phenomenon observed in the EL emission of the excited-state transition has been named MER.
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